Anisotropic wetting of machined surfaces occurs in many industrial applications, but there has not been much work on it. In this paper, based on the analysis of the influencing factors of anisotropic wetting from the orthogonal directions, experiments investigating anisotropy wetting have been performed on machined surfaces with a wide range of roughness on four kinds of materials. It is found that roughness and chemical properties of materials exert significant effects on anisotropic wetting on machined surface. Generally, it increases with the mean slop of roughness profile Kr, and decreases with intrinsic contact angle. Anisotropic wetting on hydrophilic materials is distinctly stronger than that on hydrophobic materials. These efforts on researching the effects on anisotropy wetting on machined surfaces have shown practical significance in oil recovery, lubrication and sealing.
Introduction
Anisotropic wetting phenomena occur when a solid-gas interface changes into a solid-liquid interface on a chemically inhomogeneous and geometrically anisotropic surface, where a droplet can be distorted. 1) Anisotropic wetting of engineering surfaces with the capacity of restricting liquids to flow to desired direction plays significant roles on many industrial applications, including oil recovery, lubrication, sealing, coating, printing and liquid adhesion. 27) In order to better take advantage of the capacity of anisotropic wetting, the influencing factors of anisotropic wetting were studied by experiments and numerical analysis. It has been proved that anisotropic wetting can be achieved by spatial gradients (surface chemistry and morphology) or asymmetric asperities. 8, 9) For example, Kubiaka et al. 10) theoretically studied the influence of hydrophobic and hydrophilic materials on anisotropic wetting by Lattice Boltzmann Method. Zhao et al. 11) reported roughness exerted an effect on anisotropic wetting on submicrometer-scale periodic structures consisting of parallel grooves by laser interference. It can be found that current studies mainly focus on micropatterned surfaces with submicrometer-scale or nanometer-scale structures. 12) However, machined surfaces which have been widely applied differ from micropatterned surfaces. Machined surfaces with tens of microns or hundreds of microns in grooves' width present physical surface roughness, non-uniformity, and chemical heterogeneity. There have not been many deliberate efforts to demonstrate whether chemical properties of materials and roughness still lead to anisotropic wetting characteristics on machined surfaces.
In this study, based on the theoretical analysis, the influencing factors of anisotropic wetting were discussed. Machined surfaces with a wide range of roughness on four types of materials were processed to research anisotropic wetting by experiments. Anisotropic wetting were characterized by the static contact angles from the orthogonal directions. Then, we discussed the effects of 2-D roughness parameters and chemical properties of materials on anisotropic wetting characteristics on machined surfaces.
Theoretical Analysis
It is known that wetting characteristics on the rough surface partly depend on the wetting state of liquid. The liquid does not penetrate into the grooves (Cassie-Baxter state 13) ) when the solid-gas interfacial free energy £ sg is smaller than the solid-liquid interfacial free energy £ sl . It can be found that the droplet in Cassie-Baxter state almost exhibits an isotropic wetting behavior through numerical analysis. 14) As £ sg > £ sl , the liquid spontaneously permeates into the grooves (Wenzel state 15) ). The droplet presents an anisotropic wetting behavior under this circumstance.
Anisotropic wetting can be characterized by a droplet's different contact angles observed from different directions on a solid surface. The reason for generating anisotropic wetting phenomena can be studied by the change of free energy as a function of the instantaneous contact angle during the threephase contact line (TPCL) moving from the orthogonal directions.
For the direction parallel to the lay, the TPCL moves forward along the grooves due to the impact of capillary force. An isosceles triangular groove, the most common morphology on machined surface, 16) is shown in Fig. 1 (a) . In order to simplify the analysis, a groove is considered and the detail of the menisci is ignored.
When the TPCL moves forward a quantity dx, the system's energy will change owing to the changes of solid-gas/solidliquid interfacial area and liquid-gas interfacial area. The change of the system's energy dE can be represented as
Where a is the depth of the groove; b is the width of the groove; £ lg is the liquid-gas interfacial free energy; ª Ã ? is the instantaneous contact angle observed from the direction perpendicular to the lay.
The Young equation 17) is locally valid as
Where ª s is intrinsic contact angle, characterizing chemical properties of materials.
Combining eqs. (1) and (2), then
As dE/dx < 0, the TPCL will move forward along the grooves. As dE/dx = 0, the TPCL will remain stable, where the contact angle observed from the direction perpendicular to the lay ª ¦ can be represented as
It can be found that ª ¦ depends on a, b and ª s . For the direction perpendicular to the lay, the TPCL moves forward in order to keep the system's overall free energy minimum, as shown in Fig. 1 (b) . The relationship between dE and the instantaneous contact angle observed from the direction parallel to the lay ª Ã == can be represented as
Where y is the moving distance of the TPCL; H 0 is the initial length of the liquid front.
It has been found that there are some metastable thermodynamic states as dE/dy = 0 due to the existence of energy barriers during the moving process of the TPCL. 18) Since the positions of the TPCL in metastable thermodynamic states are independent of H 0 , the corresponding contact angle observed from the direction parallel to the lay ª // is affected by a, b and ª s . 14) Based on the analysis from the orthogonal directions, surfaces' roughness characterized by the geometrical morphology and chemical properties of materials characterized by ª s exert effects on anisotropic wetting.
Experiments

Material selection
In order to evaluate the influence of chemical properties of materials on anisotropic wetting, a wide range of engineering materials were selected. In terms of ª s , materials can be divided into hydrophilic materials (ª s < 90°) and hydrophobic materials (ª s > 90°). Since metal materials are generally hydrophilic and organic polymer materials almost present hydrophobic, four types of materials were selected: titanium, nickel, aluminum alloy AA6061-T651 and nylon GF30. All the selected materials are widely used in the manufacturing industry and easily accessible.
Sample preparation
Each material was processed into six samples respectively. All samples were cut into 20 mm © 10 mm © 4 mm cubes, with one surface polished on different grit sandpaper (60, 100, 800, 2000, 5000, 8000) in a consistent direction, so a wide range of roughness R c = 0³25 µm on surfaces with parallel lays could be obtained. All samples were processed by ultrasonic cleaning in ionized water for 5 min and then in ethanol for another 5 min to reduce the influence of surface impurities.
Roughness measurements
In this study, a non-contact 3-D topography measuring instrument (ZYGO OMP-0346, USA) was used to measure the surfaces of samples. As an example, the 3-D morphology of measured surfaces characterized by very sharp slopes and deep narrow grooves on AA6061 were presented in Fig. 2 . The roughness decreased from sample 1 to sample 6, and the sample 6 was polished to a mirror effect.
According to ISO 4287, a on micropatterned surfaces is represented by the mean height of profile elements of the assessed profile R c on machined surfaces, and b on micropatterned surfaces is represented by the mean width of profile elements of the assessed profile R sm on machined surfaces. 19) Hence, the roughness profile parameters R c and R sm need to be measured. The measurement direction of roughness was perpendicular to the lay. Measurement results were shown in Table 1 , where Kr = R c /R sm is an estimation for mean slop of roughness profile.
Contact angle measurements
ª // and ª ¦ were measured by the sessile drop method when a droplet was placed on the surface. 20) The selected droplet volume was 5 « 0.1 µl, so the droplet's shape and the TPCL would be not affected by gravity forces. Contact angles were measured by an optical contact angle meter (Krüss Co. Ltd, DSA100, Germany) in Fig. 3 (a) under certain circumstances, where the quasi-constant relative humidity was around 40% and the temperature was 20°C. The droplet's shape was observed from three directions, as shown in Fig. 3  (b) . The droplet's distortion was observed from the top view. ª // and ª ¦ were measured from the front and side view respectively. The delay time of measurement in the experiment was set to be 20 s since the contact angle of the droplet remained constant after the first 20 s. Besides, contact angles of each sample were measured repeatedly from 5 different positions, and then the average value was calculated for the following analysis. It was necessary to measure ª s , the contact angle on an ideal smooth surface, to analyze the influence of chemical properties on anisotropic wetting. In this study, the contact angle on sample 6 of each material that had a mirror polished surface was measured to be ª s . The results showed ª s of titanium, nickel, AA6061 and GF30 were 68.4°, 78.5°, 83.6°a nd 95.8°respectively.
Results and Discussion
For a smooth and isotropic solid surface, the top view of the TPCL is almost circular. However, due to the existence of energy barriers in the direction perpendicular to the lay, the droplet's width gets shortened. Simultaneously, since the droplet is subjected to a capillary force parallel to the lay, which leads to the TPCL spreading forward along the lay, the droplet's length is stretched. The actual TPCL of the droplet turns into an ellipse-like shape as a result of these changes, as shown in Fig. 4 (a) . Figure 4 (b) is a microscopic image which shows a droplet's distortion on sample 3 of AA6061 as a representative result from the top view. Figure 4 (c) is the side view of a droplet, where ª ¦ is 79.6°. Figure 4 (d) is the front view of a droplet, where ª // is 91.5°. A large anisotropy of the droplet is observed on machined surface.
The results of the contact angle measured from the orthogonal directions as a function of Kr are presented in Fig. 5 . With Kr increasing, there is a similar tendency of the contact angle's variation of titanium, nickel, and AA6061, which is different from that of GF30. As to titanium, nickel, and AA6061, ª // and ª ¦ ultimately remain stable after a Fig. 2 Examples of measured morphologies of tested surfaces prepared by abrasive polishing (AA6061). decline followed by an increase, and ª ¦ is always smaller than ª s . For GF30, ª // and ª ¦ increase with Kr, and ª ¦ is always larger than ª s . Based on the analysis of the value and variation of ª ¦ , the reason for the different trends on hydrophilic materials and hydrophobic materials is concerned with the diverse wetting state. 21) The wetting states on titanium, nickel, and AA6061 are Wenzel state, while that on GF30 is Cassie-Baxter state.
Besides, there is a similar trend of wetting anisotropy (¦ª = ª // ¹ ª ¦ ) for all the materials, which increases with Kr, as shown in Fig. 6 . Besides, it can be found that ¦ª increases with ª s decreasing generally, which are basically consistent with simulation results. 10) Particularly, ¦ª of GF30 obviously presents a smaller value compared with titanium, nickel, and AA6061. The difference is caused by two wetting states on different materials. The droplet in Cassie-Baxter state on GF30 mainly presents an isotropic wetting behavior. For titanium, nickel, and AA6061, anisotropic wetting characteristics of the droplet in Wenzel state can be principally explained by energy barriers existing in the direction perpendicular to the lay and the capillary force existing in the direction parallel to the lay in theory.
Conclusions
In this paper, the influencing factors of anisotropic wetting were analyzed from the directions parallel and perpendicular to the lay. The effects of roughness and chemical properties of materials on anisotropic wetting on machined surface were investigated by experiments. It can be found that anisotropic wetting generally increases with mean slop of roughness profile Kr, and decreases with intrinsic contact angle ª s . Particularly, anisotropic wetting on hydrophobic materials is significantly smaller in comparison with hydrophilic materials. These efforts have shown certain referential values and practical significance in the fields of oil recovery, lubrication and sealing. Nevertheless, it is necessary to do further researches on the mechanism of the effects. 
